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Abstract
Trimethylamine (TMA) may improve the energy resolution of gaseous xenon based detectors for 0νββ decay searches
through the reduction of the Fano factor by the Penning eﬀect. This molecule may also be the key for sensing direc-
tionality of nuclear recoils induced by Weakly Interacting Massive Particles (WIMPs) in monolithic massive (ton-scale)
detectors, without the need of track imaging, by making use of columnar recombination. Nuclear recoil directionality
may be the path for a deﬁnite discovery of the WIMP nature of Dark Matter. An ionization chamber has been con-
structed and operated to explore the properties of high pressure gaseous Xe + TMA mixtures for particle detection in
rare-event experiments. The ionization, scintillation and electroluminescence (EL) signals are measured as function of
pressure and electric ﬁeld. We present results for pure xenon at pressures up to 8 bar. This work has been carried out
within the context of the NEXT collaboration.
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1. Introduction
The sensing of nuclear recoil directionality may be the key for enabling a deﬁnite discovery claim of
the WIMP nature of Dark Matter. Recently, a new idea that may trigger that possibility in a monolithic ton
scale High Pressure Xenon (HPXe) Time Projection Chamber (TPC) has been proposed [1]. The concept
is based on the assumption that the amount of ion-electron recombination in HPXe should depend on the
angle, α, between the nuclear recoil track (produced by a WIMP-atom elastic scatter) and an external drift
ﬁeld. The ratio between the amount of primary scintillation and surviving ionization would depend on α and
would be a discriminator for the directionality of the incoming WIMP. This quantity would be assessed in a
event-by-event basis before drift of electrons, without the need of track imaging, and thus the signal would
not be deteriorated by electron diﬀusion. It seems to be of major importance to add a molecular additive
to the xenon gas for maximizing sensitivity to α. Such molecule would enhance recombination, speed up
electron thermalization, charge exchange with the Xe ions and, at the same time, ﬂuoresce. Trimethylamine
(TMA) seems to be the optimal, possibly unique, candidate.
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The Fano factor measures the ﬂuctuations in the number of primary electrons produced by energy depo-
sitions of the incoming particles and in gaseous HPXe its value is F = 0.15 [2]. At the Q-value of the the
hypothetical neutrino less double beta (0νββ) decay mode of 136Xe, Q = 2.458 MeV, this corresponds to an
intrinsic energy resolution of 0.3% Full Width Half Maximum (FWHM). The ionization potential of TMA
is 7.85 ± 0.05 eV [3] while the ﬁrst excited state of atomic xenon is 8.3 eV [4]. In this way, energy transfers
from the excited xenon atoms to TMA molecules would be promoted, and result in ionization of TMA, a
process known as Penning eﬀect [5]. This process augments the primary ionization signal and at the same
time reduces the ﬂuctuations in the redistribution of deposited energy between ionizations and excitations,
resulting in a better intrinsic energy resolution when compared with pure xenon.
It has been demonstrated that electroluminescence (EL) is a nearly noiseless primary ionization signal
ampliﬁcation method, allowing one to achieve experimentally near-intrinsic energy resolution, i.e, 1.0 %
(FWHM) for 662.0 keV γ-rays produced after β-decay of 137Cs [6]. The use of this linear ampliﬁcation
process is key for taking advantage of the supposedly supra-intrinsic energy resolution of Xe+TMA mix-
tures, and especially important in 0νββ-decay searches. Providentially, TMA ﬂuoresces in the 285 - 310 nm
range [7], a wavelength much easier to detect than the 172 nm from pure xenon. EL gain would be provided
by TMA molecules while xenon atoms would be simply spectators in this process.
The success of these notions depends on a cascade of concepts and reasonable but not proven assump-
tions of the microscopic processes happening between Xe atoms and TMA molecules, that need to work all
together. As part of the R&D program to address the feasibility of this idea, an ionization chamber has been
constructed and is now being operated at the Lawrence Berkeley National Laboratory in order to explore
the properties of high pressure gaseous Xe+TMA mixtures for particle detection in rare-event experiments.
This simple detector has been designed to explore the phase-space of pressure, electric ﬁeld and additive
concentration in order to establish a range of operational parameters to be studied in more detail in future
prototypes. Namely, the chamber will allow to conﬁrm the Penning eﬀect in Xe+TMA, through a direct
measurement of the increase of produced primary charge. We will also be able to assess if this mixture can
oﬀer a ﬁnite range of electric ﬁelds that give electroluminescence ampliﬁcation without charge gain.
The ionization, scintillation and EL signals are measured as a function of pressure and electric ﬁeld. The
results for pure xenon at pressures up to 8 bar, which will serve as the baseline for comparison with data
acquired after TMA is added, are presented in this work.
2. Experimental setup
A schematic of the detector is shown in Fig. 1. The main vessel is a commercial 6.0” Spherical Octagon
closed by two Conﬂat ﬂanges on each end. A 10 mCi 241Am radiation source sits in a collimator, made
of Tungsten, that is placed in the radiation window of the front ﬂange. The collimator geometry is such
that a conical beam of 59.5 keV γ-rays, with an aperture of 9◦, irradiates the main chamber. The photons
tranverse 0.5 mm of stainless steel (front ﬂange radiation window), 31.2 mm of gaseous xenon and 1.0 mm
of aluminium before interacting in the 5 mm thick xenon gap: the interaction gap.
The interaction gap is delimited by two parallel cylindrical electrodes each with a diameter of 10.8 cm.
At their center, 1.6 cm-diameter radiation windows are drilled. The electrodes are supported and isolated
from the body of the main chamber by 3 holders made of Polyether-ether-ketone (PEEK). Negative high
voltages are applied to the electrode that is closer to the radiation source, the high voltage electrode, through
a 20 keV feed-through. There is a 1 GΩ resistor, connected in series, that protects the readout in the event
of a spark, by limiting the current drained from the power supply. The other electrode is segmented into two
parts: a 2.5 cm-diameter inner disc, the inner signal electrode, and an outer ring, the outer signal electrode.
The two parts are isolated through a 38 μm-thick Teﬂon foil. This segmentation was implemented in order
to ensure an uniform electric ﬁeld in the central region of the interaction gap as well as in order to avoid
collection of signals induced by charges produced outside the volume deﬁned by the two electrodes. The
two segments of the signal electrode are connected to ground through two pico-ammeters that measure the
signals induced by the drifting charges.
The γ-rays deposit their energy in the interaction gap producing ultimately excited atoms of xenon
as well as electron-ion pairs. Excited atoms return to their ground state emitting 172 nm Vacuum Ultra-
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Fig. 1: (a) Schematics of the detector.
Violet (VUV) photons, a process called primary scintillation, through the intermediate process of excimer
formation [8]. The electron-ion pairs have a chance of recombining, producing additional excited atoms
that further contribute to the primary scintillation signal. The probability of recombination depends on the
electric ﬁeld amplitude, ||E||. The electrons that survive recombination are directed to the signal electrodes,
inducing electrical currents. If the electric ﬁeld in the interaction gap is strong enough, these electrons
can excite more atoms of xenon and their signal is, in this way, ampliﬁed through the linear process of
electroluminescence [9], giving rise to a VUV light signal. If the electric ﬁeld is further increased, electrons
gain between collisions enough energy to create secondary electron-ion pairs, producing charge avalanches
with sizes that scale exponentially with ||E||.
The VUV photons produced either by primary scintillation or through electroluminescence, are detected
by 4 Hamamatsu R7378A 1” Photomultipliers (PMT) sensitive to 172 nm photons, which are read out using
pico-ammeters. The PMTs look into the central region of the interaction gap through quartz windows that
are placed in four of the eight 2.75” Conﬂat windows available in the octagon (the other 4 windows are
plugged with blank ﬂanges). In front of each quartz window, 2 mm-thick slits placed in PEEK holders
block VUV light produced in xenon volumes outside of the central region of the interaction gap. The PMTs
are installed in aluminium cans through which nitrogen is ﬂushed continuously in order to remove O2 and
ensure high transparency to the VUV photons.
All the electric current signals, related with charge or/and VUV light, are read out by the pico-ammeters
in DC mode.
3. Normalization
In order to compare the measured signals at diﬀerent gas densities, we normalized the measured DC cur-
rents. As diﬀerent pressures are considered, the density of the gaseous xenon changes and a diﬀerent fraction
of the 59.5 keV γ-rays entering the chamber deposit their energy in the interaction gap. The dependency of
this fraction with density is not trivial to model analytically:
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• The γ-ray beam has a divergence of 9◦, so photons emitted at diﬀerent angles travel diﬀerent distances
before arriving to the interaction gap. In addition, the thickness of the diﬀerent materials (stainless
steel, xenon or aluminium) that they need to tranverse also depends on the emission angle.
• γ-rays with energies of 59.5 keV have a high probability of producing lower energy ﬂuorescent and
Compton X-rays when interacting in the diﬀerent materials of the chamber. The signals we measure
are related to energy depositions in the central 2.5 cm-diameter central region of the interaction gap.
For low densities, the X-rays can travel a reasonable distance before being absorbed while, as the
density increases, they are more locally contained. Thus, the fraction of deposited energy in the
central region when compared to the outer region of the interaction gap, depends also on the gas
density.
In order to consider these eﬀects in the calculation of the normalization factors for the DC currents,
we run a Monte Carlo GEANT4 [10] simulation of the interaction of the 59.5 keV γ-rays in the detec-
tor. The implemented simulation geometry recreates in detail the central parts of the detector where the
interactions of interest occur, i.e, inner signal electrode and radiation windows, while simplifying the outer
parts, i.e. octagon, electrode edges. Figs. 2a and 2c show some of the details of the implemented geom-
etry. The GEANT4 Livermore models for Photo-electric eﬀect, Compton and Rayleigh scattering were
deﬁned as the Physics List associated with photons. In what regards electrons, the Livermore Ionisation and
Bremsstrahlung models were implemented as well as the G4UrbanMscModel93() for Multiple Scatter-
ing.
For each studied density, all measured currents are divided by a factor, f , deﬁned as:
f =
Ecenter (ρ)
Ecenter (ρ1 bar)
(1)
where, Ecenter (ρ) is the total energy deposited by 2 × 109 γ-rays in the inner 2.5 cm-diameter region of the
interaction gap at the xenon density of interest, and Ecenter (ρ1 bar) is the energy deposited in the same gas
volume by the same number of γ-rays at the density of xenon at 1 bar of pressure and room temperature.
The dependency of f on the gas density, as determined by the Monte Carlo simulation, is shown in Fig. 2b.
By plotting the DC currents normalized in this way, Inorm, as function of the so-called reduced electric
ﬁeld, E
ρ
, one expects the curves to match, expressing the known dependency of the energy spectrum of
drifting electrons under eﬀect of an electric ﬁeld (for a non-avalanche regime). As a note, since xenon
doesn’t follow the ideal gas law (presenting 5 % deviations at 8.0 bar), the gas mass density, ρ, is a better
quantity to use in the deﬁnition of the reduced electric ﬁeld, instead of pressure.
4. Results
In Fig. 3a, the normalized currents measured in the inner signal electrode, as functions of the reduced
electric ﬁeld are shown for 13 diﬀerent pressures ranging from 2.1 to 8.0 bar. Using the same x-axis limits,
the normalized currents of one of the PMTs (the behaviour of the other PMTs is similar) are shown in
Fig. 3b, for the same pressures (the y-axis limits are set to highlight the primary scintillation regime). The
vertical spread of the currents for a constant reduced electric ﬁeld is ∼ 10 % with a tendency for increased
normalized current at higher pressures, indicating that the normalization factors determined as explained in
Section 3 are able to correctly normalize the currents related with both charge and light within that relative
error. The small variations may be attributed to a mismatch between the geometry implemented in Monte
Carlo and the physical setup, mainly in what regards the exact position of the radiation source and thus the
position of emission of the γ-rays, which is diﬃcult to exactly determine.
For reduced electric ﬁelds ranging from 10 to 103 Vcm2g−1, we observe a ramp-up of the charge col-
lected in the inner signal electrode. This behaviour doesn’t seem to be correlated with the observed de-
pendency of the primary scintillation light in the same electric ﬁeld range, which indicates that this eﬀect
is mostly due to the dynamics of charge drift in the xenon volume. At very low ﬁelds, both electrons and
ions diﬀuse randomly in the gas and end up not producing net currents. As the ﬁeld amplitude is increased,
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(c) (d)
Fig. 2: Monte Carlo simulation of the energy deposition of 59.5 keV γ-rays through the diﬀerent parts of
the chamber, implemented in GEANT4. (a) General view of the ﬂanges (bigger disks), electrodes (smaller
disks) and the source collimator (in solid white). (b) Obtained normalization factors, taking as reference the
xenon density at 1 bar and room temperature. (c) Detail of the high voltage electrode radiation window. (d)
Obtained average distance travelled by electrons while producing EL in the Xe gap.
the charges acquire progressively a higher component of their motion in the direction of drift. The results
presented in Fig. 3a show that the diﬀusion suppression is abrupt (note the log scale in the x-axis) and that
it saturates around 103 Vcm2g−1.
For higher electric ﬁelds, a diﬀerent regime is achieved. The collected charge increases now much
slower with
(
E
ρ
)
. This is accompanied by a slight decrease in the amount of primary scintillation collected
by the PMTs, as observed in Fig. 3b. The anti-correlation between primary charge and primary scintillation
is an evidence for recombination suppression by the electric ﬁeld. The electrons and ions produced by the
incoming γ-rays have a chance to recombine before being collected in the electrodes. When a recombination
encounter happens, the result is an excited atom of xenon that ends up producing an extra VUV photon [13].
As the external electric ﬁeld overcomes progressively the Coulomb ﬁeld, recombination is suppressed, less
VUV light is collected and more charges contribute to the currents measured in the signal electrode. This
suppression, although small (up to 6 % as
(
E
ρ
)
ranges from 103 to 105 Vcm2g−1), is observable in the charge
curves for ﬁelds up to the ionization onset (5.5× 105 Vcm2g−1 [12]) in Fig. 3a. The corresponding behavior
in the primary scintillation (Fig. 3b) is lost sooner because of electroluminescence ampliﬁcation.
The VUV electroluminescence light output, deﬁned as the current in each PMT anode per unit of electron
path length per unit of gas density, is shown in Fig. 4 as a function of the reduced electric ﬁeld. The
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(a)
(b)
Fig. 3: Normalized DC currents as functions of the reduced electric ﬁeld: (a) measured in the inner signal
electrode and (b) measured by one of the 4 PMTs (in the primary scintillation regime). Curves for 13
diﬀerent gas pressures are shown. The background level, determined experimentally for the whole range of
electric ﬁelds without the radiation source in place, is subtracted. The dashed black vertical lines show the
electroluminescence threshold as measured experimentally in reference [11] and the dashed gray vertical
lines show the ionization reduced electric ﬁeld onset as estimated in [12].
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Fig. 4: Normalized DC currents as functions of the reduced electric ﬁeld, measured by one of the PMTs.
The axis are set to highlight the electroluminescence regime. Curves for 13 diﬀerent gas pressures are
shown. In addition to being normalized as explained in section 3, the DC currents shown here are also
divided by density and by the average distance travelled by electrons while producing EL in the interaction
gap. The dashed black vertical lines show the electroluminescence threshold as measured experimentally in
reference [11] and the dashed gray vertical lines show the ionization reduced electric ﬁeld onset as estimated
in [12].
average electron path length was calculated, for each pressure, using the Monte Carlo simulation described
in Section 3 and is shown in Fig. 2d. The expected linear behaviour of EL ampliﬁcation is reproduced in the
data. The electric ﬁeld threshold for EL varies between (163.6 ± 3.1) × 103 Vcm2g−1 and (172.4 ± 0.8) ×
103 Vcm2g−1 as the pressure ranges from 2.1 to 8.0 bar. This compares with (152.9 ± 3.7) × 103 Vcm2g−1
as reported in reference [11], in which the absolute EL yield of xenon at 1.5 bar and room temperature was
measured. Because the EL absolute gain is known to scale with density, we expect the curves acquired for
each of the 13 studied gas pressures to lie on top of each other. However, the slope of the relation between
EL light output and reduced electric ﬁeld, shown in Fig. 4 slightly increases with pressure (by ∼ 20 % when
ranging from 2.1 to 8.0 bar). The small tendency for higher normalized charge currents at higher pressures,
as shown in Fig. 3a and discussed previously, seems to explain in part this slope variation. An increase in
the EL ampliﬁcation parameter with pressure has however been observed in [14] for pressures ranging from
2 to 8 bar, while reference [6] didn’t report the same eﬀect when comparing 10 to 15 bar.
For reduced electric ﬁelds higher than the ionization onset, some charge avalanche multiplication is
expected. For a given reduced ﬁeld amplitude, the size of the avalanches increases with density, as well
as the current drained from the high voltage power supply. Thus, the maximum reduced ﬁeld achieved
before the voltage drop across the 1 GΩ resistor is signiﬁcant, lowers as higher densities are studied. For
low pressures (< 5.0 bar), the linear relation of
(
Inorm
ρ
)
= f
(
E
ρ
)
extends to electric ﬁelds higher than the
ionization onset because the size of the avalanches involved at this ﬁeld range is still too small to distinguish
the exponential nature of this process.
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5. Conclusions & Future Work
The charge and light outputs resulting from the deposition of 59.5 keV γ-rays in pure high pressure (2.1
to 8.0 bar) gaseous xenon have been measured in DC mode, over a wide range of electric ﬁelds, covering
the diﬀusion, drift, electroluminescence and avalanche regimes.
We have found evidence for electron-ion recombination suppression at the 6 % level as the reduced
electric ﬁeld ranges from 103 to 105 Vcm−2g−1.
The expected linear regime of electroluminescence ampliﬁcation in pure xenon was also observed, in
agreement with previous studies.
The results reported in this work show the expected features from what is known about pure gaseous
xenon, benchmarking our understanding about the constructed ionization / scintillation chamber. Such
results will also work as a baseline for future assessment of the eﬀect of adding TMA to xenon, namely
in what regards Penning transfers and the possibility of implementing EL proportional ampliﬁcation in the
presence of this molecule. This is part of a broader R&D program that aims to assess the beneﬁts of the
use of high pressure gaseous Xe+TMA mixtures to achieve supra-intrinsic energy resolution in 0νββ decay
searches as well as to investigate sensitivity to nuclear recoil directionality in Dark Matter searches.
6. Acknowledgements
We acknowledge the indispensable technical support from Tom Miller and Tom Weber (LBNL) during
the design, construction and running of the detector. This work was supported by the Director, Oﬃce
of Science, Oﬃce of Basic Energy Sciences, of the US Department of Energy under contract no. DE-
AC02-05CH11231. J. Renner (LBNL) acknowledges the support of a US DOE NNSA Stewardship Science
Graduate Fellowship under contract no. DE-FC52-08NA28752.
References
[1] D. Nygren, A concept for directional sensing of nuclear recoils in a dense xenon gas TPC. Journal of Physics: Conference Series
460 (2013) 012006.
[2] D. Nygren, High-pressure xenon gas electroluminescent TPC for 0νββ-decay search. Nucl. Instrum. Meth. A 603 (2009) 337.
[3] NIST Standard Reference Database 69: NIST Chemistry WebBook,
http://webbook.nist.gov/cgi/cbook.cgi?Name=trimethylamine&Units=SI [March 2014].
[4] Y. Ralchenko et al, NIST Atomic Spectra Database (ver. 4.0.0), http://www.nist.gov/physlab/data/asd.cfm
[March 2014].
[5] B. D. Ramsey, P. C. Agrawal, Xenon-based Penning mixtures for Proportional Counters, Nuclear Instruments and Methods A
278 (1989) 576 – 582.
[6] The Next Collaboration, Near-intrinsic energy resolution for 30 – 662 keV gamma rays in a high pressure xenon electrolumines-
cent TPC, Nuclear Instruments and Methods A 708 (2013) 101 – 104.
[7] C. G. Cureton, The Photophysics of Tertiary Aliphatic Amines. Chemical Physics 63 (1981) 31 – 49.
[8] M. Suzuki and S. Kubota, Mechanism of proportional scintillation in argon, krypton and xenon, Nucl. Instrum. Methods 164
(979) 197.
[9] C. A. N. Conde and A. J. P. L. Policarpo, A gas proportional scintillation counter, Nucl. Instrum. Methods 53 (1967) 7.
[10] GEANT4, http://geant4.cern.ch/
[11] C. M. B. Monteiro et al, Secondary scintillation yield in pure xenon, J. Instrum. 2 (2007) P05001.
[12] C. A. B. Oliveira et al, A simulation toolkit for electroluminescence assessment in rare event experiments, Physics Letters B 703
(2011) 217 – 222.
[13] M. Suzuki et al, Time dependence of the recombination luminescence from high-pressure argon, krypton and xenon excited by
alpha particles, Nucl. Instrum. Methods Phys. Res. 192 (1982) 565.
[14] E. D. C. Freitas et al, Secondary scintillation yield in high pressure xenon gas for neutrinoless double beta decay (0νββ) search,
Physics Letters B 684 (2010) 205.
